Aims/hypothesis Thyroid autoimmunity clusters with other endocrine and non-endocrine forms of autoimmunity. The aim of this study was to determine the chronological appearance of thyroid autoantibodies in relation to other forms of autoimmunity in at-risk children. Methods The BABYDIAB study follows children of parents with type 1 diabetes. Children born in Germany between 1989 and 2000 were recruited at birth and followed up at 9 months and at 2, 5, 8, 11, 14 and 17 years. Antibodies to thyroid peroxidase were measured in samples taken at the last study visit in 1,489 children and in all previous samples in children who tested positive. Islet antibodies and antibodies to 21-hydroxylase and transglutaminase were also measured in all children. Median follow-up was 8 years.
A typical feature of such disorders is the appearance of circulating autoantibodies to endocrine cell proteins prior to clinical onset of disease [9] . The detection of autoantibodies denotes that a sensitisation to the target cell has occurred and autoantibody-positive individuals have an increased risk of developing clinical disease [10] .
The appearance of the autoantibodies is often the first detectable sign of autoimmune pathogenesis and can be used to track the natural history during the preclinical period. Indeed, using cohorts of at-risk individuals studied from birth, it has been demonstrated for type 1 diabetes that autoantibodies to beta cell antigens such as insulin and GAD65 can appear already in the first year of life [11, 12] and that autoantibody appearance is determined by several susceptibility genes [13] [14] [15] and modified by environmental factors [16, 17] . Similar studies have been performed for coeliac disease [8, 18] . Although thyroid autoantibodies have been identified long before antibodies associated with diabetes or with coeliac disease [19] , the natural history of their development from birth is unknown. Here, we took advantage of the association of thyroid autoimmunity with type 1 diabetes [4] and studied the natural history of autoantibodies to thyroid peroxidase in participants in the BABYDIAB study [11] , who were all children of parents with type 1 diabetes. Our results show that thyroid autoimmunity is common in children who are genetically at risk of contracting type 1 diabetes and that autoantibodies to thyroid peroxidase commonly appear in late childhood and adolescence. Screening at-risk populations from childhood may, therefore, be warranted for correction of thyroid function.
Methods
The BABYDIAB study examined the natural history of autoimmunity to islet antigens from birth in children of parents with type 1 diabetes [11] . Families were eligible to participate if one or both parents had type 1 diabetes. Recruitment into the study began in 1989 and ended in 2000. Recruitment was facilitated through advertisements in paediatric and patient journals, and in paediatric and neonatal clinics. Participation was voluntary. The study was coordinated by the Diabetes Research Institute in Munich through direct contact with the families and the family paediatrician. Cord blood was obtained in obstetric departments from eligible families who had consented to participation. Venous blood samples from the child during follow-up were obtained at paediatric clinics at age 9 months and at 2, 5, 8, 11, 14 and 17 years. The median follow-up time from birth to last sample was 8 years (range 0.75-18.5 years). Questionnaires were completed at birth and at each paediatric visit. The cumulative dropout rate was 16.0% by age 5 years and 20.9% by age 8 years. All families gave written informed consent to participate in the BABYDIAB study. The study was approved by the Ethics Committee of Bavaria, Germany (Bayerische Landesärzte-kammer [Bavarian Medical Council] no. 95357).
For the present study, all children who were followed until at least 2 years of age were included (n=1,489). Islet autoantibodies and antibodies to tissue transglutaminase C (tTG-Abs) were measured in samples taken at all scheduled visits. Antibodies to thyroid peroxidase (TPO-Abs) were measured in the last available blood sample from all these children. In 1,474 children there was also sufficient serum for measurement of antibodies to 21-hydroxylase (21-OHAbs) in the last sample. In children found positive for TPOAbs or 21-OH-Abs, all earlier samples were also measured to determine the age of appearance of these antibodies. Children who developed type 1 diabetes (n=36) were not followed after diagnosis.
Autoantibody measurements TPO-Abs were measured by a direct radiobinding assay according to the manufacturer's instructions (CentAK anti-TPO; Medipan, Dahlewitz/Berlin, Germany). Briefly, 50 µl serum was incubated with 125 I-labelled recombinant human TPO in assay buffer with 50 µl protein A suspension for 30 min. Subsequently 1 ml assay buffer was added. Pellets were washed and counted in a gamma counter (Packard, Meridan, CT, USA). TPO-Abs were expressed as U/ml. Samples were defined as TPOAbs-positive above a threshold of 50 U/ml as suggested by the manufacturer and confirmed using QQ-plot analysis, which plots the distribution of the variable (autoantibody) against the autoantibody concentration, allowing assessment of where distribution deviates from normal [11] . The inter-assay coefficient of variation was 11% at 660 U/ml and 23% at 34 U/ml.
21-OH-Abs were measured by radiobinding assay similar to those previously described for glutamic acid decarboxylase antibodies (GAD-Abs) and islet antigen 2 antibodies (IA-2-Abs) [10] . Briefly, 2 µl serum was incubated with 20,000 cpm of [
35 S]methionine-labelled, in vitro-transcribed/translated recombinant human 21-OH in 50 mmol/l Tris buffered saline containing 1% Tween 20 (TBST). Antibody-bound 21-OH was recovered with protein-A sepharose beads (GE Healthcare Life Sciences, Amersham, UK), beads washed five times in TBST and scintillation counted in a Top Count Microplate Scintillation Counter; Packard). Relative antibody concentration was expressed as an index defined as: (cpm in the unknown sample-cpm in the negative standard)/(cpm in the positive standard-cpm in the negative standard)×100. The threshold was determined using QQ plots and was set at 6 index units, which also corresponded to the 99th percentile of 100 control children (mean age 7.5 years; interquartile range 5.1-9.1). The inter-assay coefficient of variation was 16% at 41 index units.
IgA antibodies to tissue transglutaminase (tTG-Abs) were measured by ELISA according to the manufacturer's instructions (Eurospital, Trieste, Italy) and by radiobinding assay with [
35 S]methionine-labelled, in vitro-transcribed/ translated recombinant human tTG as previously described [8] . Thresholds for positivity were determined using QQ plots and corresponded to the 95th percentile of control children without diabetes or coeliac disease for the ELISA and the 99th percentile of control samples for the radiobinding assay. Samples were defined as positive if they were detected above these thresholds in both assays.
Insulin autoantibodies (IAA), GAD autoantibodies (GAD-Abs) and IA-2 autoantibodies (IA2-Abs) were measured by radiobinding assays, as previously described [11, 20] . The upper limits of normal were determined using Q-Q plots and corresponded to the 99th percentile of control children, i.e. 1.5 local units/ml for IAA, 25 WHO units/ml for GAD-Abs and 4 WHO units/ml for IA2-Abs. Using these thresholds for positivity, the assays had sensitivities and specificities of 70 and 99% (IAA), 86 and 93% (GAD-Abs), 72 and 100% (IA2-Abs) and 84 and 100% for multiple islet autoantibodies in the Third Diabetes Autoantibodies Standardization Program Proficiency Workshop [21] . The inter-assay coefficient of variation for samples with low autoantibody titre was 11% for IAA, 18% for GAD-Abs and 16% for IA2-Abs.
All antibody measurements were performed on coded samples that were blinded to the operator.
HLA genotyping HLA DR and DQ genotypes were determined in 1,413 children of parents with type 1 diabetes. The remaining 76 children did not provide a suitable sample for HLA typing. HLA-DRB1, HLA-DQA1 and HLA-DQB1 alleles were typed using PCR-amplified DNA and non-radioactive sequence-specific oligonucleotide probes as described previously [13] .
Notification of clinical disease Thyroid and other autoimmune disease status of the child and other family members was reported by response to questionnaires received at each study visit. None of the children were reported to have congenital hypothyroidism. In addition, as previously described [8] , children who were persistently positive for tTG-Abs were recommended to have intestinal biopsies for diagnosis of coeliac disease. Families were not notified of thyroid autoantibody status and no recommendation with respect to thyroid function was provided to families of children positive for TPO-Abs.
Statistical analysis Time-to-event methods were used to calculate risks (life table analysis) and to compare autoantibody outcome for participants with different covariate categories (life table analysis and Cox proportional hazards model). In children with a positive autoantibody outcome, the age at the first positive sample was used as the event time. Analysis considered censoring in losses to follow-up and in participants with antibody-negative status at the follow-up visit age of their last autoantibody-negative sample. The log rank test was used for comparisons of covariate categories in life table analysis. HRs were calculated using Cox proportional hazards model. Variables that were significant (p<0.05) in the univariate model were tested in the multivariate model using forward conditional analysis. The proportional hazards assumption in the Cox model was tested by examining the log minus log plot of each covariate for parallel curves and by using a timedependent Cox regression that included the covariate in question and the interaction between time and the covariate. The interaction was not significant for all covariates indicating that the hazards were proportional.
TPO antibody incidence was determined by calculating the incremental increase in risk at 2, 5, 8, 11 and 14 years corrected for the time interval between visits, and expressed as cases per 100 participants per year. For all analyses, a twotailed p value of 0.05 was considered significant. All statistical analyses were performed using the Statistical Package for Social Science (SPSS 15.0; SPSS, Chicago, IL, USA).
Results
TPO antibody prevalence and time of appearance Screening for TPO-Abs in the last available sample of BABY-DIAB children identified 63 children with TPO-Abs (Fig. 1a) . Earlier samples from all positive children were subsequently measured to find the age of appearance of TPO-Abs. Five children had developed TPO-Abs at age 2 years, five at age 5 years, 32 at age 8 years and 21 at age 11 years or older. TPO-Abs were persistent in 41 children and transient in only one (the remainder did not have a later sample in order to assess persistency), quickly increasing to high titre in the majority of cases (data not shown).
The cumulative risk of developing TPO-Abs was 4.3% (95% CI 3.0-5.6) by 8 years, 7.3% (95% CI 5.1-9.5) by 11 years and 20.3% (95% CI 12.3-28.3) by 14 years (Fig. 1b) . The incidence of new cases was 0.15 per 100 children/year at ages 2 and 5 years, rising to 1 per 100/year at 8 and 11 years and 4 per 100/year at age 14 years. Of the 63 antibody-positive children, eight had reported clinical hypothyroidism 1.5 to 7 years after the first detection of TPO-Abs and 52 had no reported clinical thyroid disease (three participants did not complete questionnaires). Hypothyroidism was reported in two children who were TPO-Abs negative.
Factors affecting the risk of TPO development The risk of developing TPO-Abs was increased in girls (HR 1.8; 95% CI 1.1-3.1; p=0.02), in children who were islet autoantibody-positive (HR 2.5; 95% CI 1.3-4.7; p=0.005), in children who had more than one family member affected with type 1 diabetes (HR 4.1; 95% CI 1.8-9.5; p=0.001) and in children with the HLA DRB1*03/DRB1*04-DQB1*0302 genotype (HR 2.2; 95% CI 1.2-4.3; p=0.02) ( Table 1) . With respect to islet autoantibodies, the risk of developing TPO-Abs was associated with the presence of GAD-Abs (HR 3.1; 95% CI 1.6-6.0; p=0.0006), whereas IAA and/or IA-2-Abs in the absence of GAD-Abs were not associated with TPO-Abs risk (HR 0.8). TPO-Abs risk was also increased in children who developed type 1 diabetes (HR 4.4; p=0.01).
Female sex (adjusted HR 2.0; 95% CI 1.2-3.4; p= 0.008), positivity for GAD-Abs (adjusted HR 3.0; 95% CI 1.5-5.9; p=0.001) and multiple first-degree family history Relationships between TPO-Abs and other autoantibodies Within the same cohort, 110 children developed islet autoantibodies (IAA, GAD-Abs and/or IA2-Abs), 66 developed tTG-Abs and seven developed 21-OH-Abs (Fig. 2a) . Overlap between antibodies was observed, but the vast majority of positive cases did not have autoantibodies to multiple organs. TPO-Abs developed in 12 (11%) children with islet autoantibodies, six (9%) children with tTG-Abs and two (29%) children with 21-OH-Abs. Five of the 36 children who progressed to type 1 diabetes developed TPO-Abs (n=3) and/or tTG-Abs (n=3) prior to diabetes onset; none developed 21-OH-Abs. The age of appearance of each antibody differed, with islet autoantibodies generally preceding tTG-Abs and TPO-Abs being the last to develop (Fig. 2b) . In the seven children positive for 21-OH-Abs, antibodies developed from age 2 years until 11 years (cumulative prevalence 1.7% by age 11 years). In 13 of 18 children in whom TPO-Abs plus another autoantibody developed, TPO-Abs were the last to appear, in two others TPO-Abs preceded islet autoantibodies and tTG-Abs, respectively. Only in three children did TPO-Abs occur at the same age as islet autoantibodies (n=2) or 21-OH-Abs (n=1) (Fig. 2c) . Notably, six of nine children who reported clinical Hashimoto's disease had islet autoantibodies (n=3), tTG-Abs (n=3) or 21-OH-Abs (n=1).
Overall, 224 children developed at least one autoantibody (islet Abs, TPO-Abs, tTG-Abs, 21-OH-Abs). The cumulative risk for any autoantibody was 21.5% by 11 years (95% CI 18.5-24.5%) and 32% by 14 years (24-40%) (Fig. 3a) . Remarkably, selection of children with the HLA-DR3/4, HLA-DR4/4 or HLA-DR3/3 genotypes, which are associated with type 1 diabetes and coeliac disease, identified 199 children who had a 46% risk (95% CI 34-58) of developing islet-Abs, tTG-Abs or TPO-Abs by age 11 years (Fig. 3b) .
Discussion
Thyroid autoimmune disease is preceded by autoantibodies to TPO and thyroglobulin, and is often associated with autoimmune disorders such as type 1 diabetes [14, 22] . Here we show that TPO-Abs are frequent in children at risk of developing type 1 diabetes, appearing in late childhood and after the peak incidence of islet autoantibodies. The unique aspect of this study is that it is prospective from birth, thereby allowing us to determine the age of autoantibody appearance in each participant. TPO autoantibodies were measured by a sensitive radiobinding assay. Moreover, because multiple samples were available for the children, positivity could be confirmed in most cases. Additionally, all children had been extensively studied for the development of autoantibodies associated with type 1 diabetes [11] , coeliac disease [8] and Addison's disease.
One limitation of the present study is that it is not population-based, but was performed in a cohort enriched for type 1 diabetes susceptibility. We are therefore unable to relate our findings to children in the general population and unable to provide a background frequency of the antibodies measured. However, to its advantage and unlike other similar cohorts [14] , the BABYDIAB cohort has not been further selected on the basis of HLA genotype. A second limitation is that whereas the majority of participants have been followed through to late childhood, only a minority have been followed to adolescence and therefore TPO-Abs incidences reported for adolescence are imprecise. Moreover, it is possible that a number of children who developed TPOAbs in adolescence will subsequently become islet autoantibody-positive. Similarly, since children who developed and dashed line, transglutaminase antibodies. c Time relationship of autoantibody appearance in children who had antibodies to more than one organ. The age of appearance of islet antibodies (black squares), transglutaminase antibodies (triangles) and 21-hydroxylase antibodies (white squares) relative to the appearance of TPO antibodies is shown for the 18 children who had TPO antibodies plus at least one other autoantibody type 1 diabetes were no longer followed after disease onset, we cannot comment on the development of TPOAbs or 21-OH-Abs after diabetes onset, possibly leading to bias in the observed antibody prevalence in this minority subgroup. By the same token, numbers of positive participants become small when subgroups are analysed, thereby limiting precision of risk estimates. A third limitation is that, because of the study design, which included screening for positive cases in the last available sample, we may have missed transient appearance of thyroid or adrenal autoimmunity during early childhood. However, the screening strategy does not affect the timing of the first appearance of persistent TPO-Abs or 21-OH Abs, since all previous samples were measured in children who were persistently positive. It should be noted that islet and tTG-Abs were measured in all samples, which could have affected the relative frequencies of these antibodies in comparison to TPO-Abs and 21-OH antibodies. Fourth, and importantly, there was no clinical follow-up of participants for thyroid disease, thereby limiting interpretation of the TPO-Abs findings with respect to clinical disease risk. Finally, the findings for all antibodies are dependent upon the thresholds for detection, and the sensitivity and specificity of the assays used. We used assays that on current knowledge have high specificity and sensitivity. We acknowledge, however, that antibody frequencies are likely to differ, if other assays and/or antibody classification strategies are used.
Previous studies have shown that autoimmune thyroid disease is frequent in females and that thyroid autoantibodies occur in 8% to 50% of patients with type 1 diabetes [23] [24] [25] [26] [27] [28] [29] [30] [31] and in 8% to 25% of their relatives [2, 6] . Our findings are consistent with these in that TPO-Abs were more frequent in girls than boys and were very frequent in this at-risk type 1 diabetes cohort. Remarkably, the frequency of TPO-Abs was already 7.3% by age 11 years and reached 20% by age 14 years. The high frequency of TPO-Abs in our study may be due to the use of a more sensitive assay than used in previous studies. However, the vast majority of positive children had TPO-Abs titres well beyond the threshold for positivity, and the frequency of TPO-Abs detected in the 2 and 5 year screening samples was less than 1% (5/583), indicating that the assay was highly specific. Similarly to results reported in patients with type 1 diabetes, the frequency of 21-OH Abs was around 1 to 2% in our cohort [5, 32] .
The major novel finding of this study was the age of appearance of TPO-Abs and their appearance relative to autoantibodies associated with diabetes and coeliac disease. Unlike insulin and GAD-Abs that have an early peak incidence at around 1 to 2 years of age in this cohort [33] , TPO-Abs were rare until after 5 years of age. TPO-Abs were associated with GAD-Abs, but were not associated with other islet autoantibodies in the absence of GAD-Abs. The association with GAD-Abs is consistent with previous findings in participants with so-called polyendocrine autoimmunity [34] , which is also more frequent in females [1] . In the majority of children with both GAD-Abs and TPOAbs, GAD-Abs appeared before TPO-Abs. Similarly, TPOAbs appeared after tTG-Abs in most children in whom both antibodies occurred. Thus, the onset of autoimmunity is not synchronised for all target organs, and for each autoimmune target there appear to be distinct periods during growth that are associated with augmented risk for autoimmunity to develop. This seems to refute theories of a common antigenic basis or common environmental cause. Nevertheless, the very high frequency of autoimmunity of any type in these at-risk type 1 diabetes children suggests a common genetic susceptibility to autoimmunity that is partially, but not only HLA-based [35, 36] .
The findings of this study are potentially relevant to screening and prevention of autoimmune disease. First, on the basis of HLA genotype and a first-degree family history of type 1 diabetes, we were able to identify a subgroup of children who had an almost 50% risk of developing autoimmunity during childhood. Second, several of the children who developed TPO-Abs subsequently developed clinical autoimmune thyroid disease. We suggest, therefore, that screening for thyroid dysfunction may be warranted as early as from late childhood in selected relatives of patients with type 1 diabetes. Fig. 3 Combined autoantibody development. a Cumulative life table risk for development of any autoantibody (TPO-Abs, islet Abs, tTGAbs, 21-OH-Abs) in the BABYDIAB children. Numbers of children remaining negative for TPO-Abs on follow-up with respect to age: baseline (0 years) (n=1489), 2 years (n=1461), 5 years (n=1270), 8 years (n=805), 11 years (n=265), 14 years (n=53). b Cumulative life table risk for development of any autoantibody in children after stratification for HLA-DR/DQ genotype as high risk (HLA-DR3,4-DQ8; DR4-DQ8, DR4-DQ8; DR3,3; thick line) or moderate/low risk (all other genotypes; thin line). Risk between the groups was significantly different (p=7×10 −9 ). Numbers of children remaining negative for TPO-Abs on follow-up with respect to age: high-risk HLA group: baseline (0 years) (n=141), 2 years (n=131), 5 years (n=108), 8 years (n=66), 11 years (n=20), 14 years (n=3); moderate/low-risk HLA group: baseline (0 years) (n= 1267), 2 years (n =1254), 5 years (n=1112), 8 years (n=713), 11 years (n=240), 14 years (n=48) 
